INTRODUCTION {#SEC1}
============

The chromatin structure of eukaryotic cells has a large impact on the accessibility and interpretation of the genetic information. Despite disrupting activities such as replication, repair and transcription, the chromatin structure is largely ordered and stable. Yeast RNA polymerase II promoters enable access of regulatory factors via a nucleosome depleted region (5΄ NDR) framed by boundary nucleosomes commonly designated as −1 and +1 ([@B1],[@B2]). In higher eukaryotes active RNA Pol II genes are at least partially depleted of nucleosomes around transcription start and termination sites ([@B3],[@B4]). In the course of initiation and elongation of transcription, these nucleosomes become reversibly evicted ([@B5]). The question how their specific positioning is established and maintained is subject of debate (reviewed by [@B6],[@B7]).

In yeast, the 5΄ NDR is maintained by combined action of sequence specific transcription factors such as Rap1, Reb1 and Abf1, chromatin remodeling complexes (CRCs) and sequence determinants ([@B8]--[@B14]). The +1 nucleosome, downstream of the 5΄ NDR, is located in close proximity to the transcription start site (TSS) ([@B2],[@B15]--[@B17]). The histone isoform H2A.Z is enriched in +1 nucleosomes and reduces their stability ([@B18],[@B19]). The location of the +1 nucleosome, and its high propensity for eviction suggests functional participation in transcription (reviewed by [@B1],[@B20],[@B21]). However, the interdependence between insertion and eviction of the +1 nucleosome and regulation of transcription is not fully understood. The anchoring and maintenance of the +1 nucleosome is controlled by several activities. *In vitro* and *in vivo* studies showed that the underlying DNA sequence is involved but is not the major determinant ([@B11],[@B22]). Moreover, *in vitro* chromatin reconstitution studies failed to recapitulate the precise +1 positioning, suggesting a complex and perhaps dynamic interplay of factors *in vivo* ([@B6]). Furthermore, it has been suggested that the transcription machinery is involved in positioning of the +1 nucleosome. The pre-initiation complex (PIC) and the +1 nucleosome are in close proximity and components of the transcription machinery interact with +1 and are proposed to recruit chromatin remodelers ([@B7],[@B23]).

Chromatin remodeling is facilitated by a variety of factors which act as monomers or in large complexes. INO80 has a conserved role in several distinct chromatin-related processes such as nucleosome sliding, repair of double strand breaks, replication, sense and antisense transcription and silencing ([@B24]--[@B34]). Mammalian INO80 subunit composition shares a core set of subunits with yeast but includes a number of metazoan-specific subunits suggesting further specific functions ([@B35]). INO80-dependent replacement of the histone variant H2A.Z against conventional H2A is important to cope with replication stress and DNA damage ([@B30],[@B36]--[@B38]). Removal of H2A.Z by INO80 promotes homologous recombination ([@B39]). The related SWR-C catalyzes the exchange of H2A for the variant H2A.Z close to NDRs ([@B40]--[@B43]). Recently, H2A.Z has been shown to have a positive role for expression of antisense transcripts and non-coding RNAs ([@B44],[@B45]). INO80 is present within genic regions and enriched genome-wide at the site of the +1 nucleosome ([@B17],[@B31],[@B34],[@B46]). Specific subunits of CRCs bind to nucleosomes and recognize certain covalent histone modifications ([@B47]). The INO80 complex comprises 15 subunits organized in the Nhp10, Arp5 and Arp8 modules and the head module containing the Rvb1/2 helicases plus the Ino80 ATPase ([@B48]--[@B50]). INO80 mutants lacking one of the Actin-related proteins Arp4, Arp5 and Arp8, Nhp10 or the ATPase subunit Ino80 have enhanced expression of stress-induced genes and genes involved in respiration ([@B32],[@B51],[@B52]).

In yeast, the change of external physical parameters such as temperature and osmolarity or exposure to chemicals causing oxidative stress, leads to rapid (within minutes) and often transient change of expression of a substantial fraction of genes (e.g. for hyperosmolarity stress ([@B53])). Stress-triggered activation causes transient disequilibrium of the chromatin structure and enables observation of otherwise masked effects. At stress-induced loci alterations of chromatin structure may happen rapidly. For example, recent surveys of a compendium of mutants identified chromatin regulators with pronounced effects on gene expression during oxidative (diamide) stress ([@B54],[@B55]).

Here we examined the role of INO80 for the chromatin structure and transcription of osmostress-inducible genes. Using high resolution tiling microarrays we found that INO80 facilitates re-insertion of promoter proximal nucleosomes following transcription induced eviction. In addition, we identified cryptic transcripts that are repressed by INO80. Furthermore, INO80-dependent change of the +1 nucleosome level is correlated with transcription and suggests a repressive role during dynamic changes of gene expression.

MATERIALS AND METHODS {#SEC2}
=====================

Strains and growth conditions {#SEC2-1}
-----------------------------

Strains used in this study are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. For stress treatment *Saccharomyces cerevisiae* strains were grown in YPD (yeastextract, peptone dextrose) (2% Glucose) to early exponential growth phase (OD~600~ 0.8--1) followed by exposure to hyperosmolarity stress by addition of 5M NaCl solution to a final concentration of 0.4M. Plasmid carrying strains were pre-grown in minimal SC-medium then grown in YPD before treatment. Anchor-Away strains HHY168 (wild-type), HHY154 (Tbp1-Frb) and EKYH154 (Tbp1-Frb *arp8*Δ) were grown to early exponential phase, then 1 μg/ml rapamycin (LC-Laboratories) was added for 45 min, followed by treatment with hyperosmotic stress as above.

Nucleosome scanning assay {#SEC2-2}
-------------------------

NuSA was performed essentially as described ([@B56]). Cells were grown to an OD~600~ 0.8--1.0 and aliquots of 45ml were treated with 0.4M NaCl followed by crosslinking with 1% formaldehyde for 10 min and washing with ice-cold 1× tris-buffered salineTBS. Pellets were resuspended in 8 ml Buffer Z2 (1M Sorbitol, 50 mM Tris--HCl pH 7.4, 10 mM freshly added Mercaptoethanol) with Zymolyase (10 mg/ml Seikagaku Corp, 200 μl per sample) and incubated on 30°C for 20--30 min. Spheroplasts were harvested by centrifugation (1500 *g*) for 10 min and resuspended in 1.5 ml NPS buffer (0.075% NP-40, 50 mM NaCl, 10 mM Tris pH 7.4, 5 mM MgCl~2~ 1 mM CaCl~2~, freshly added 0.5 mM Spermidine and 1 mM Mercaptoethanol). Aliquots of 600 μl were digested with 50U of Micrococcus Nuclease (15U/μl in 10 mM Tris--HCL pH 7.5, 10 mM NaCl, 100 mg/μl bovine serum albumin, Fermentas). The reaction was stopped by addition of 12 μl 0.5M ethylenediaminetetraacetic acid pH 8.0 followed by reversal of crosslink in presence of 10 μl Proteinase K (10 mg/ml) and 60 μl 10% sodium dodecyl sulphate and incubation at 65°C over night. DNA fragments were phenol-chloroform purified and separated on a 1% Agarose gel. Mono nucleosome DNA bands were purified (Wizard^®^ SV Gel and polymerase chain reaction (PCR) Clean-Up System, Promega). Samples were analyzed by qPCR with three technical replicates. The *CTT1* locus was covered with overlapping amplicons of about 100 bp length. Oligos are listed in [Supplementary Table S4](#sup1){ref-type="supplementary-material"}. As a reference the stable +1 nucleosome of *VCX1* was used as described earlier ([@B57]). At least three biological replicates were analyzed (except [Supplementary Figure S1C and D](#sup1){ref-type="supplementary-material"}).

RNA extraction and analysis {#SEC2-3}
---------------------------

Cells were grown to early exponential phase and treated with hyperosmotic stress. Isolation of RNA by phenol--chloroform extraction was performed essentially as described ([@B51]). RNA concentration was determined using Nanodrop 2000 (ThermoScientific) and 2 μg were used for synthesizing cDNA by Revert Aid Reverse Transcriptase (Thermo Scientific, 200U) and oligo-dT primers (0.5 μg) at 42°C for 60 min. Samples were analyzed by qPCR (Biorad CFX 96) using amplicons within the coding regions of *CTT1* (centered around +275, see [Supplementary Table S4](#sup1){ref-type="supplementary-material"}) and the stress unresponsive *VCX1* locus which served as an internal standard. Samples were diluted 1:40 and 5μl were analyzed in a total reaction volume of 25 μl. Data were normalized to the maximum expression of the wild-type strain (10 min). Samples were analyzed at least two times.

Chromatin immunoprecipitation {#SEC2-4}
-----------------------------

Chromatin immunoprecipitation (ChIP) was performed as described ([@B51]). After crosslinking and digestion, spheroplasts were resuspended in 600 µl Lysis Buffer and Chromatin was sonicated to an average fragment size of 200 bp (Bioruptor, Diagenode). For immunoprecipitation we used antibodies against Rpb1 (8WG16, Covance Inc.) or Histone H3 (gift from E. Ogris, MedUni Vienna) and Dynabeads panMouse IgG (Invitrogen) for tandem affinity purification (TAP) tags and Dynabeads Protein G for Rpb1 and H3 antibodies. Purified ChIP DNA was diluted 1:10 and 5 μl were analyzed in a total reaction volume of 25 μl by qPCR. qPCR amplified amplicons centered at *CTT1* −91 and +275 (for details see [Supplementary Table S4](#sup1){ref-type="supplementary-material"}) were used. As a reference we used *VCX1* as described ([@B51]). All ChIP experiments were quantified by three technical replicas of at least three biological replicas. Data analysis was carried out using R packages (R Core Team 2016) through the wessa.net framework (<http://www.wessa.net/> version 1.1.23-r7.).

Microarrays {#SEC2-5}
-----------

wild-type and *htz1*Δ mutants were grown to exponential phase and treated with 0.4M NaCl for 20 min. Total RNAs from two biological replicates were isolated. Agilent\'s Low Input Quick Amp Labeling Kit, one-color was used to generate fluorescent cRNA. The amplified cyanine three-labeled cRNA samples were then purified using SV Total RNA Isolation System (Promega) and hybridized to Agilent Yeast (V2) Gene Expression Microarrays 8 × 15K. Microarray slides were washed and scanned with an Agilent Scanner, according to the standard protocol of the manufacturer. Information from probe features was extracted from microarray scan images using the Agilent Feature Extraction software v10.7.3. Further analyses were performed using with the Bioconductor limma package and Quality Controls were performed using the arrayQualityMetrics package. Microarray data have been deposited at GEO (GSE78766).

Tiling microarrays {#SEC2-6}
------------------

Exponentially growing cells were treated with 0.4M NaCl and mononucleosomal DNA (as described for NuSA) and RNA were prepared. Hybridization and analysis followed described protocols ([@B58]). Mononucleosomal DNA samples were amplified using Sequenase 2.0 and random Primer A: GTTTCCCAGTCACGGTC(N)9 followed by purification with Illustra MicroSpin S-300 HR columns (GE Healthcare) and another amplification round using Dream Taq polymerase (Fermentas) and Primer B: GTTTCCCAGTCACGGTC in presence of 2 mM UTP. Samples were purified by MinElute PCR cleanup columns (Qiagen) before fragmentation and labeling with Affymetrix GeneChIP WT Terminal Labeling Kit. For transcription profiling total RNA was treated with RNase-free DNaseI using Turbo DNA-free kit (Ambion). For first-strand cDNA synthesis, 20 μg of total RNA was mixed with 1.72 μg of random hexamers, 0.034 μg of oligo(dT) primer and incubated at 70°C for 10 min followed by 10 min at 25°C, then transferred on ice. The synthesis included 2000 units of SuperScript II Reverse Transcriptase, 50 mM Tris--HCl, 75 mM KCl, 3 mM MgCl2, 0.01 M DTT, dNTP + dUTP mix (0.5 mM for dCTP, dATP and dGTP; 0.4 mM for dTTP and 0.1 mM for dUTP, Invitrogen), 20 μg/ml actinomycin D in a total volume of 105 μl. The reaction was carried out in 0.2 ml tubes in a thermal cycler with the following thermal profile: 25°C for 10 min, 37°C for 30 min, 42°C for 30 min followed by 10 min at 70° for heat inactivation and 4°C on hold. Samples were then subjected to RNase treatment of 20 min at 37°C (30 units RNase H, Epicentre, 60 units of RNase Cocktail, Ambion). First-strand cDNA was purified using the MinElute PCR purification kit (Qiagen) and 5 μg were fragmented and labeled using the GeneChip WT Terminal labeling kit (Affymetrix) according to manufacturer\'s protocol. The labeled cDNA samples were denatured in a volume of 300 μl containing 50 pM control oligonucleotide B2 (Affymetrix) and Hybridization mix (GeneChip Hybridization, Wash and Stain kit, Affymetrix) of which 250 μl were hybridized per array (*S. cerevisiae* yeast tiling array, Affymetrix, PN 520055). Hybridizations were carried out at 45°C for 16 h with 60 rpm rotation. The staining was carried out using the GeneChip Hybridization, Wash and Stain kit with fluidics protocol FS450_0001 in an Affymetrix Fluidics station.

Data analysis {#SEC2-7}
-------------

Sequences and gene annotations were obtained from the Saccharomyces Genome Database (release 56; [www.yeastgenome.org](http://www.yeastgenome.org)). Data handling and extraction was done in R (<http://www.R-project.org>. ([@B59]). Heat maps were generated using Java TreeView ([@B60]). The RNA tiling array data was normalized with R and Bioconductor using the package tilingArray as described earlier ([@B61]). The nucleosome tilingArray data were normalized by first dividing the quantile normalized genomic hybridizations.The divided values were then quantile normalized separately. Quantile normalization used the function normalizeQuantile from the R and Bioconductor package limma ([@B62]). The tilling array data derived from RNA and nucleosome samples were visualized as a heatmap (Xu *et al.* ([@B85])). Expression values were obtained as the median expression at the respective strand within the annotated gene regions. Changes of gene expression were calculated as linear differences of median-normalized RNA values ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Chromatin data of both strands were analyzed jointly. The missing data along the genome were imputed using running medians with window size 65. Chromatin levels of differentially expressed genes were visually inspected, and +1 nucleosome positions annotated in cases where it did not coincide with the annotated TSS. Chromatin plots were aligned at the +1 nucleosome position or the defined gene start and median centered over all values. The contrasts among time points or between wild-type and mutant were calculated from normalized log intensity values. [S]{.ul}tress [i]{.ul}nducible cryptic [t]{.ul}ranscripts (abbreviated as SITs) and other non-annotated transcripts were selected manually by screening the genome wide expression data in a heat map representation available at <http://steinmetzlab.embl.de/schueller_ino80/index.html>. Datasets have been submitted to arrayExpress with accession number E-MTAB-1810.

RESULTS {#SEC3}
=======

INO80 restores the promoter proximal nucleosome under stress conditions {#SEC3-1}
-----------------------------------------------------------------------

The INO80 complex has a repressive role for heat and osmotic stress regulated gene expression ([@B51]). Previously we used ChIP to determine nucleosome content of promoter and open reading frame (ORF) regions. To increase the resolution we analyzed the chromatin structure of the highly stress inducible gene *CTT1* by Nucleosome Scanning Assays (NuSA). We identified three nucleosomes (designated here as −3, −2 and −1) in the promoter region ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The −1 nucleosome covers the TSS and the TATA box. The transcription initiation site of the *CTT1* promoter is near position −43 (relative to the ORF). Thus, the nucleosome with a dyad at approximately −50 relative to the TSS corresponds to the −1 nucleosome ([@B20],[@B63]). We found the +1 nucleosome to be located approximately at position +130 relative to the TSS ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). During activation by osmotic stress (0.4M NaCl) the promoter region becomes transiently depleted of nucleosomes ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). We analyzed the *CTT1* promoter region under stress conditions in cells lacking the INO80 subunits Arp8, Arp5 and the Ino80 core subunit ([Supplementary Figure S1A, C and D](#sup1){ref-type="supplementary-material"}). Promoter nucleosomes in cells lacking Arp8 were almost similar to wild-type ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}), whereas in *arp5*Δ and *ino80*Δ cells nucleosome levels were reduced ([Supplementary Figure S1C and D](#sup1){ref-type="supplementary-material"}). Nucleosome eviction 10 min after exposure to hyperosmotic stress was similar in wild-type and mutants. In the wild-type the pre-exposure levels were reestablished rapidly. However, in the mutants, promoter nucleosome levels remained diminished for up to 45 min after induction. The level of the *CTT1* -3 nucleosome showed a strong dependency on INO80 ([Supplementary Figure S1A, C and D](#sup1){ref-type="supplementary-material"}).

To explore a general function of INO80 for stress activated transcription and promotor chromatin structure we globally analyzed changes of nucleosome structure and transcripts. We chose to investigate *arp8*Δ mutants because they do not have the retarded growth of the *arp5*Δ and *ino80*Δ mutants but have reduced nucleosome remodeling activity ([@B31],[@B50],[@B64]). Furthermore, in the *arp8*Δ mutant the chromatin structure of *CTT1* was similar to the wild-type (Figure [1D](#F1){ref-type="fig"}, time point 0, [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Exponentially growing cultures of wild-type and *arp8*Δ strains were exposed to 0.4M NaCl and samples were collected during a time course (0--45min). A graphical representation of the experimental outline is shown in [Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}. Both RNA and micrococcal nuclease digested chromatin, were analyzed with genome wide tiling microarrays with 8 bp resolution. The results represented as searchable heatmaps are available online (<http://steinmetzlab.embl.de/schueller_ino80/index.html>). The nucleosome density data were processed as described in materials and methods and resulted in the well-established phased nucleosome pattern (Figure [1A](#F1){ref-type="fig"}).

![INO80 alleviates osmotic stress induced chromatin remodeling. (**A**) Nucleosome occupancy map in wild-type cells of 5525 genes sorted by their ORF length. Each row represents 1 kb upstream and 5 kb downstream of the TSS. Data are derived from 8 bp tiling array data of MNase digested chromatin. (white: high nucleosome occupancy; black: low nucleosome occupancy). The heat map shows the typical pattern of nucleosome depleted regions flanked by positioned nucleosomes. (**B**) Seven different promoter chromatin patterns resulting from k-means clustering of nucleosome occupancy around the 5΄ NDR (−400 to +400 bp of the 5΄ border of +1 nucleosome) are shown. The *arp8*Δ mutant has a very similar pattern. Heatmaps were generated with identical settings. (**C**) Graphical illustration of the median nucleosome intensity of the respective promoter chromatin patterns shown in (B). (**D**) Nucleosome loss during hyperosmotic stress is more persistent in *arp8*Δ. Changes of nucleosome occupancy (reduction yellow, gain blue) in wild-type and *arp8*Δ (left and middle panel) are shown as difference between treated and untreated at the respective time points. The differences between wild-type and *arp8*Δ at every time point are also shown (right panel). Genes were ranked within the groups according to the change of the nucleosome intensity at the 10 min time point of the wild-type and adjusted to the position of the +1 nucleosome. (**E**) Graphs of nucleosome occupancy change (15th and 85th percentile) of patterns 1--6 show the persistence of nucleosome loss in the *arp8*Δ mutant.](gkw1292fig1){#F1}

The nucleosome density array data were qualitatively similar to the NuSA profiles ([Supplementary Figure S1A and B](#sup1){ref-type="supplementary-material"}). For the *CTT1* locus, the array data of the *arp8*Δ mutant showed hyperinduced transcripts and prolonged eviction of nucleosomes flanking the 5΄ NDR after stress and, thus, consistency with earlier results ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). Genes that are repressed during hyperosmotic stress show a transient increase of promoter proximal nucleosomes to a varying degree as shown for *ZEO1, URA5* and *RPL3* ([Supplementary Figure S1E](#sup1){ref-type="supplementary-material"}). The transcript repression and a parallel increase of nucleosome level is slightly enhanced and sometimes prolonged in *arp8*Δ mutants compared to wild-type. These differences are small compared to changes at induced genes.

Alignment of the nucleosome data of all genes according to ascending gene length resulted in the typical pattern of canonical spaced nucleosomes and NDRs (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). However, the same data rearranged by k-means clustering of the region near the start site (400 bp upstream and downstream) revealed distinct patterns of promoter nucleosomes in wild-type and mutant and thus, substructures within the nucleosome density data (Figure [1B](#F1){ref-type="fig"}). By varying this approach we could distinguish between seven characteristic patterns of promoter architecture shown here as heat maps and median intensities (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). These patterns display differences in 5΄ NDR size, position and levels of the promoter proximal nucleosomes. For example, pattern 1 has a prominent +1 nucleosome covering the TSS, while pattern 2 has a +1 nucleosome located downstream of the TSS and a broader NDR (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). Pattern 3--5 have positioned +1, +2 and +3 nucleosomes with different intensities, whereas 6 and 7 are characterized by a closely positioned −1 nucleosome (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}).

Next, we visualized the stress induced changes of nucleosome levels. We calculated the local differences of the nucleosome occupancy between treated and untreated samples of wild-type and *arp8*Δ and visualized them as heat maps (Figure [1D](#F1){ref-type="fig"}). This approach reveals that depending on the local nucleosome structure, eviction might reach beyond the first boundary (+1) nucleosome (e.g. pattern 3, 4 and 5). Hyperosmotic stress induced nucleosome gain (blue) and nucleosome loss (in yellow) does not seem to be influenced by the local pattern. In the wild-type eviction was transient and changes were largely alleviated at the 20 min time point, while in the *arp8*Δ mutant nucleosomes remained evicted for up to 45 min (Figure [1D](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). The largest difference between wild-type and mutant could be observed at the 20 min time point (Figure [1D](#F1){ref-type="fig"}). Nucleosome loss (in blue) during the stress time course seems largely not to be different in wild-type and *arp8*Δ. In contrast to the start site, the chromatin structure surrounding the transcription end sites was not visibly influenced by hyperosmotic stress ([Supplementary Figure S2B--E](#sup1){ref-type="supplementary-material"}). The +1 nucleosome level differs in the *arp8*Δ mutant at a number of genes in the unstressed state, however, osmotic stress gives rise to a different and expression specific pattern of changes ([Supplementary Figure S2F](#sup1){ref-type="supplementary-material"}). In summary, stress-induced eviction of promoter proximal nucleosomes occurs according to local patterns and re-association is delayed in the *arp8*Δ mutant.

Promoter proximal nucleosome dynamics correlates with stress-induced transcription {#SEC3-2}
----------------------------------------------------------------------------------

To analyze the effect of nucleosome eviction on transcripts in wild-type and *arp8*Δ we compared the changes of expression with the corresponding nucleosome density differences ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The resulting heatmaps suggested an overall trend, however, the Pearson\'s correlation of 0.35 (*arp8*Δ 20 min) for the expression change of all genes versus their nucleosome density change indicated correlation for only a subset. Therefore, we focused on the dataset of genes that are highly expressed and regulated. We selected genes from the time points with largest expression changes (20 min for *arp8*Δ and 10 min for wild-type) falling into the top and bottom 5th percentile according to their fold change of expression and absolute expression difference. The rationale for the inclusion of the absolute expression difference was to select only for genes with substantial transcription activity. This resulted in a selection of 550 genes. Their expression change and corresponding nucleosome density change data are shown here as heatmaps (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}; [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). We did not find overrepresentation of the selected genes in specific promoter nucleosome patterns. Induced genes had prolonged median gene expression and nucleosome eviction in the *arp8*Δ mutant (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}). In contrast, repressed genes had similar median expression and nucleosome levels in mutant and wild-type (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}). For the selection we found a robust correlation (0.7) according to Spearman (rho), Kendall (tau) and Pearson (r) of promoter proximal nucleosome change and gene expression (Figure [2E](#F2){ref-type="fig"}). In the *arp8*Δ mutant the correlation persisted to later time points (Figure [2E](#F2){ref-type="fig"}).

![Nucleosome eviction and expression levels show correlation during hyperosmotic stress. (**A**) Gene expression changes of the top 550 expressed genes after treatment with hyperosmotic stress in wild-type (left) and *arp8*Δ (right) cells at the corresponding time points are shown (Relative to time point 0 at each strain). Genes were selected as highly regulated and highly expressed (top 5%) and sorted according to expression levels. Green represents downregulated and purple upregulated transcripts. (**B**) Differences of nucleosome levels (−400 to +400 bp around the TSS) sorted by the same criteria as in (A) are shown as heatmap (reduction yellow, gain blue). (**C**) Median expression levels of upregulated and downregulated genes in wild-type and *arp8*Δ. (**D**) Median nucleosome occupancy change in wild-type and *arp8*Δ. (**E**) Correlation coefficients of nucleosome density change at +1 and gene expression according to Spearman\'s rho, Kendall\'s tau and Pearson\'s r.](gkw1292fig2){#F2}

INO80 represses stress-induced activation of cryptic and bidirectional promoters {#SEC3-3}
--------------------------------------------------------------------------------

Histone modifiers and CRCs are crucial factors for the repression of transcription from cryptic promoters and divergent transcription ([@B65]--[@B69]). We manually scanned the genome-wide expression data (Figure [3A](#F3){ref-type="fig"}) for anomalies caused by stress treatment or absence of INO80 function and found 138 previously undetected SITs. Fifty-six of these originate from cryptic promoters owning an NDR and a positioned promoter-proximal +1 nucleosome ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). The remaining SITs were caused by bidirectional promoter activity of stress-induced genes on the opposite strand (Figure [3D](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}; [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Some SITs are antisense to expressed genes as exemplified by the *HXT5* locus (Figure [3A](#F3){ref-type="fig"}). The majority of SIT RNAs was only detectable under stress and their +1 (and sometimes +2) nucleosome became transiently evicted during stress (Figure [3A](#F3){ref-type="fig"}--[C](#F3){ref-type="fig"}). SITs behaved similar to common stress-induced genes and were hyper-induced in the *arp8*Δ mutant accompanied by prolonged +1 nucleosome eviction (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}).

![Stress-induced cryptic transcripts are repressed by INO80. Properties of stress induced cryptic transcripts induced by osmotic stress (0.4M NaCl) ientified by genome survey. (**A**) Example transcript maps for SITs. RNA signal intensities for both strands (W and C) are shown for the different profiled samples (y-axis): annotated ORFs are indicated as blue boxes and SITs as orange boxes. Transcription orientation and intensity are indicated by green arrows. *SIT37* and *SIT30* are antisense oriented, *SIT6* is downstream of *AAC3*, and *SIT31* and *SIT129* are originating from bidirectional promoters. (**B**) Nucleosome eviction at SITs is similar to canonical genes. Median nucleosome occupancy is reduced at SIT transcript start sites after treatment with hyperosmotic stress in wild-type cells and *arp8*Δ cells but nucleosome eviction (shown as nucleosome difference, right panel) persists in *arp8*Δ cells. (**C**) Mutants lacking Arp8 have prolonged SIT expression shown here as median expression change (log~2~) wild-type (blue) and *arp8*Δ (orange). (**D**) Eviction at strong promoters is bidirectional and enhanced in *arp8*Δ cells. The left panel shows nucleosome density maps of the bidirectional transcripts of the 56 most highly activated stress-induced loci. The right panel shows the median nucleosome occupancy in wild-type and *arp8*Δ of the selected genes. (**E**) Median expression differences of 5΄ opposing strand transcripts compared to gene transcripts.](gkw1292fig3){#F3}

Bidirectional activity of promoters is a common feature ([@B70]--[@B72]). We found that highly induced stress genes frequently contain bidirectional promoters directing induced expression of opposing strand SITs (Figure [3A](#F3){ref-type="fig"}, *SIT31, SIT129*). Activation of these promoters caused eviction of the −1 simultaneously to the +1 nucleosome (Figure [3E](#F3){ref-type="fig"}). In the *arp8*Δ mutant we observed enhanced expression of these transcripts and prolonged eviction of their promoter proximal nucleosome (Figure [3D](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}). Hence, eviction of the −1 nucleosome of strongly induced genes is in fact due to bidirectional activity of the promoter and correlates with the sustained activation of the corresponding opposing transcript. These data demonstrate that INO80 represses the activity of a number of cryptic stress-inducible promoters and bidirectional promoter activity.

Stress gene regulation appears independent from the histone variant H2A.Z {#SEC3-4}
-------------------------------------------------------------------------

Enhanced eviction of the promoter proximal nucleosomes of stress-induced genes in cells lacking Arp8 points to a possible role of H2A.Z ([@B1],[@B20]). INO80 activity is opposing the SWR-C driven H2A.Z incorporation ([@B31],[@B36]). Moreover, lacking of the subunit Arp5 might lead to enhanced incorporation of H2A.Z at the +1 nucleosome ([@B31]). Therefore, if INO80 is absent or has reduced activity increased levels of H2A.Z might destabilize the promoter proximal nucleosomes leading to prolonged eviction and changed expression dynamics. Moreover, H2A.Z could also influence recruitment of INO80 to stress induced genes.

To investigate a possible role of H2A.Z (encoded by *HTZ1*) for eviction dynamics we analyzed the nucleosome structure of the *CTT1* locus in wild-type and *htz1*Δ cells by nucleosome scanning. Nucleosome eviction following activation by osmotic stress and re-insertion of all detected nucleosomes including the +1 nucleosome were similar in wild-type and *htz1*Δ mutant (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). Furthermore, a possible role of H2A.Z for recruitment of INO80 to the +1 region of *CTT1* was ruled out by a ChIP experiment detecting INO80-TAP recruitment after stress exposure (Figure [4C](#F4){ref-type="fig"}).

![The H2A variant H2A.Z is not involved in INO80 related effects at stress genes. H2A.Z is not involved in delayed promoter nucleosome repopulation in *arp8*Δ. (**A** and **B**) Nucleosome scanning assay of the *CTT1* locus (−600 to +350 bp). Wild-type and *htz1*Δ cells were treated with 0.4M NaCl for 10, 30 and 60 min or left untreated. NuSA are shown in (A) and quantification of NuSA of the *CTT1* −1 and +1 nucleosomes in wild-type and *htz1*Δ are shown in (B). Graphs in (B) are normalized to the untreated wild-type sample. (**C**) The stress induced transient recruitment of INO80 to the 5΄ end of the *CTT1* locus is similar in wild-type and *htz1*Δ mutant. Recruitment to the *CTT1* 5΄ region (+275) including the +1 nucleosome during osmotic stress (for indicated time points) was measured by ChIP of Ino80-TAP. (**D**) Expression of the *CTT1* locus during osmotic stress is not influenced by absence of H2A.Z. Wild-type cells (BY4741), *arp8*Δ, *htz1*Δ and *htz1*Δ*arp8*Δ mutants were treated with 0.4M NaCl for indicated time points. *CTT1* expression levels were quantified relative to *VCX1* by qRT-PCR. Expression levels were normalized to the maximum expression levels in wild-type (10 min).](gkw1292fig4){#F4}

Next, we analyzed whether expression dynamics of the *CTT1* locus was dependent on H2A.Z. Transcript levels of *CTT1* were not changed in cells lacking H2A.Z (*htz1*Δ) compared to wild-type and hyper-induction was similar in the *arp8*Δ and *arp8*Δ *htz1*Δ double mutant (Figure [4D](#F4){ref-type="fig"}).

To analyze a possible global impact of H2A.Z on stress gene expression we used microarrays ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). We could not detect significant differences between wild-type and *htz1*Δ cells during standard (unstressed) growth conditions. The expression pattern after osmotic stress (20 min 0.4M NaCl) was not influenced by absence of *HTZ1*. These results suggest that H2A.Z is of minor importance for global rapid changes of stress dependent transcription.

Dynamics of promoter activity correlates with INO80 association {#SEC3-5}
---------------------------------------------------------------

The requirement of INO80 for repression of highly inducible stress genes might suggest a general coupling of promoter activity and Ino80 recruitment. Thus, we measured by ChIP the association of both, RNA Pol II (Rpb1) and Ino80 to selected targets. We chose genes with constant expression after stress exposure (*FBA1, PGK1, STE5*), with small (*TUB2, HSP82*), medium (*GLC3, HXT5, MSC1*) and strong increase (*CIN5, HSP12, STL1, CTT1*) (Figure [5A](#F5){ref-type="fig"}). We found correlation between the change of RNA Pol II and Ino80 occupancy to regions close to the TSS (Figure [5A](#F5){ref-type="fig"}, left). This suggests a significant correlation between induced promoter activity and Ino80 recruitment (Spearman\'s rho = 0.69, *P* = 0.013; Kendall\'s tau = 0.55, *P* = 0.017; [Supplementary Table S5](#sup1){ref-type="supplementary-material"}). In addition, we compared Rpb1 and Ino80 occupancy in unstressed cells for this set of genes. The expression of the chosen genes span about three orders of magnitude. We detected a substantial amount of Ino80 at highly expressed genes and a robust correlation (Spearman\'s rho = 0.88, *P* = 0.0002; Kendall\'s tau = 0.72, *P* = 0.0012; Pearson\'s *r* = 0.91 *P* = 0.0003) (Figure [5B](#F5){ref-type="fig"} and [Supplementary Table S5](#sup1){ref-type="supplementary-material"}). Therefore, based on the small number of genes analyzed here, we suspect that association of INO80 tends to increase with promoter activity.

![INO80 recruitment to transcribed genes. ChIP analysis of the association of Ino80-TAP and the large Pol II subunit Rpb1 to the transcription start region for a range of stress inducible and constitutively transcribed genes. (**A**) Stress induction (0.4M NaCl for 10 min) leads to increased Ino80-TAP levels at the TSS region. Right panel shows mRNA levels extracted from tiling array data. ChIP signals of Ino80-TAP and Rpb1 are expressed in relation to *VCX1* as reference. (**B**) Expression levels are correlated to Ino80 presence at the 5΄ end of genes. ChIP signals were quantified with *VCX1* as reference. Standard deviation of three biological replicates is indicated.](gkw1292fig5){#F5}

INO80 is necessary for transcription-dependent installing of promoter boundary nucleosomes {#SEC3-6}
------------------------------------------------------------------------------------------

Genome-wide approaches showed the relevance of transcription for positioning of promoter proximal (+1) nucleosomes ([@B7],[@B23],[@B73]). Thus, INO80-facilitated insertion of these nucleosomes might be supported by interaction with components of the transcription machinery. To test this hypothesis *in vivo* we inhibited the formation of the PIC by conditionally removing the TATA binding protein Tbp1/Spt15 from the nucleus. We applied the Anchor-Away technique by using a Tbp1-FRB fusion protein which, in presence of rapamycin, forms a ternary complex with the ribosomal protein Rpl13A fused to FKBP12 ([@B74]). Nuclear export of the assembled ribosomal large subunit leads to rapid depletion of the tethered nuclear protein from the nucleus (Figure [6A](#F6){ref-type="fig"}). As expected, the rapamycin insensitive allele *tor1-1* prevented any effect of rapamycin on transcripts, nucleosomes and physiology of yeast cells. Anchoring of Tbp1 reduced the transient stress induced signal of Rpb1 at the *CTT1* promoter and coding region to approximately 3% of the wild-type (Figure [6B](#F6){ref-type="fig"}). Nevertheless, the −1 nucleosomes were depleted after exposure to hyperosmotic stress similar to wild-type (Figure [6C](#F6){ref-type="fig"}, third panel and 6D). The −1 nucleosome covers the *CTT1* TATA-Box and is therefore likely a 'fragile nucleosome' that is evicted by the action of factors preceding PIC assembly, such as transcription factors and chromatin remodelers ([@B23],[@B75],[@B76]). Surprisingly, presence of Tbp1 was necessary for efficient increase of the −1 after stress induced eviction (Figure [6C](#F6){ref-type="fig"} third panel, 30 and 75 min). In contrast, the +1 nucleosome remained stably associated in the Tbp1 anchored state throughout all analyzed time points. (Figure [6C](#F6){ref-type="fig"}, third panel). This result shows that a basal transcription or PIC formation is necessary for re-association of the −1 and eviction of the +1 nucleosome. Prolonged depletion of the −1 nucleosome did not cause constitutive activation of stress responses ([Supplementary Figure S5C and D](#sup1){ref-type="supplementary-material"}). To distinguish nucleosome delocalization from eviction under stress in the Tbp1 anchored condition we determined histone H3 by ChIP covering the regions of *CTT1* −1 and the +2 nucleosome and obtained similar results as from the Nucleosome Scan ([Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}). To address the role of INO80 in conditions with low levels of PIC assembly we used a Tbp1 anchor strain lacking Arp8 (Tbp1-FRB *arp8*Δ). Surprisingly, deletion of Arp8 in Tbp1 anchored conditions caused almost complete and lasting reduction of both, the −1 in parallel to the +1 nucleosome (Figure [6C](#F6){ref-type="fig"}, lower panel and [Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). Therefore, INO80 and Tbp1 are both necessary for re-association of the −1 nucleosome after eviction but have antagonizing effects on the levels of the +1 nucleosome. Changes of the −1 nucleosome might be caused by remodeling activities triggered by the upstream (−325) binding of Msn2 and Msn4 as well as Hog1 due to osmotic stress ([@B77]).

![INO80 and transcription stabilize the +1 nucleosome of *CTT1*. (**A**) Depletion of the TATA binding protein 1 (Tbp1/Spt15) from the nucleus by anchoring to the cytosolic ribosomes is rapid and prevents gene transcription. The strain HHY154 (*TBP1-FRB*) does not grow on medium containing 1 μg/ml rapamycin while HHY168 (*TBP1* wild-type) does. (**B**) Nuclear depletion of Tbp1 by anchoring inhibits association of RNA Pol II to promoter and ORF of the *CTT1* locus. Strains HHY168 (wild-type) and HHY154 (*TBP1-FRB*) were treated with rapamycin (1 μg/μl, 45 min) to anchor Tbp1-FRB to the cytosol followed by treatment with 0.4M NaCl for the indicated time points. RNA Pol II was determined by ChIP of Rpb1. (**C**) Tbp1/Spt15 is essential for reconstitution of promoter chromatin of the *CTT1* locus after osmotic stress activation. Panels show nucleosome scan data of the *CTT1* promoter and a part of the coding region (−200 to +350) of wild-type (upper panel), *arp8*Δ (upper middle panel), *TBP1-FRB* (lower middle panel) and *TBP1-FRB arp8*Δ (lower panel). (**D**) Occupancy of the *CTT1* −1 nucleosome after stress treatment as determined by nucleosome scan (see Figure [4B](#F4){ref-type="fig"}). (**E**) Anchoring of Ino80 to the cytoplasm leads to reduction of *CTT1* +1 nucleosome levels in unstressed cells.](gkw1292fig6){#F6}

A prediction following the above result and previous mechanistic insights ([@B31]) would be a dynamic effect of INO80 on the stabilization of the +1 nucleosome during non-stress conditions. In fact, depletion of INO80 increases the fuzziness of nucleosomes ([@B76]). We anchored Ino80 from the nucleus and determined *CTT1* +1 nucleosome levels by nucleosome scanning. After 1 h of treatment with rapamycin we measured a 60% reduction of the +1 nucleosome in the anchored strain compared to non-anchored (Figure [6E](#F6){ref-type="fig"}). Finally, we find that INO80 recruitment is reduced at the *CTT1* locus in ORF and promoter region in the Tbp1 anchored condition under stress conditions (Figure [6F](#F6){ref-type="fig"}). These results show that INO80 is attracted by active transcription and required for dynamic insertion of promoter proximal nucleosomes.

DISCUSSION {#SEC4}
==========

Stable nucleosome positions at the 5΄ end of genes in the yeast genome are partly encoded and partly determined by a large number of remodeling factors ([@B10],[@B13],[@B14],[@B16],[@B17],[@B46],[@B67],[@B78]). Stress-induced loci undergo a rapid and transient activation and allow assessment of the direct contributions of factors to the chromatin structure during the transition from silent to the induced and then to the adapted state. Here, we explore the function of INO80 during stress-induced transcriptional changes and provide evidence for its role in re-association of promoter proximal nucleosomes and for repression of transcription.

It has been suggested that chromatin remodeling driven by the INO80 ATPase may be connected to transcription as well as DNA damage repair ([@B79]). INO80 has been shown to be involved in regulation of gene expression in a number of cases ([@B17],[@B26],[@B32],[@B51],[@B80]--[@B82]). The parallel analysis of the dynamic change of nucleosome and transcript patterns under stress conditions allowed us to explore specific chromatin rearrangements connected to local changes of transcription. Classification of promoter chromatin structure using k-means clustering revealed distinct nucleosome patterns of promoter proximal nucleosomes (−1, +1, +2 and +3). These nucleosomes displayed characteristic transient eviction after hyperosmotic stress treatment. The most dramatic changes were observed in the region of the +1 nucleosome, but also at position 2 and 3. Importantly, genes with substantial expression changes had a corresponding change of nucleosome levels. The correlation of promoter nucleosomes with gene expression is interesting since promoter regions seem to be quite permissive for nucleosome changes caused by impairment of the related remodelers RSC (remodel the structure of chromatin) and SWI/SNF ([@B83]). We further demonstrate a role for INO80 as an activity largely contributing to establish promoter proximal nucleosomes after transcription induced eviction. In the *arp8*Δ mutant, activated genes became hyper-induced coinciding with a pronounced delay of nucleosome reappearance.

We screened the genome data for peculiarities caused by the absence of Arp8 and found several novel transcripts. Cryptic initiation of transcription within genes is prevented by histone methylation by Set2 in conjunction with Isw1B and Chd1 ([@B67]) and surveillance mechanisms degrade products of cryptic initiation events ([@B70],[@B72],[@B84],[@B85]). However, in wild-type cells, specific and relatively stable transcripts emerge depending on environmental conditions. We identified a number of initiation events triggered by hyperosmolarity stress leading to transient expression of SITs. Most of these become hyper-induced in cells lacking Arp8. Antisense ncRNAs are involved in positive and negative regulation of transcription ([@B71],[@B86],[@B87]). Yeast species closely related to *S. cerevisiae*, such as *Saccharomyces castellii*, have an RNAi system ([@B88]). Therefore, conserved SITs could function as regulatory RNAs in other *Saccharomyces* species. In addition, we observed consistent bidirectional activity of promoters of highly stress-induced genes. INO80 promotes efficient downregulation of these bidirectional promoters in both directions by facilitating re-association of the +1 and −1 nucleosomes. Since INO80 is recruited to flanking nucleosomes ([@B31]) these remodeling events are presumably independent ([@B68],[@B69]). While stress-induced genes display transient association of RNA Pol II, constantly transcribed genes were transiently reduced. The cause for the latter is perhaps due to competition for RNA Pol II or for other components required for initiation such as for example the mediator complex. Transient cessation of transcription of housekeeping genes such as ribosomal protein genes upon stress exposure was reflected by a transient increase of promoter proximal nucleosome levels.

We were interested in a possible role of H2A.Z for INO80 recruitment or promoter nucleosome turnover. The histone variant H2A.Z is predominantly present in +1 nucleosomes (reviewed in [@B1],[@B19],[@B20]). SWR-C incorporates H2A.Z and INO80 catalyses the reverse reaction ([@B36]). H2A.Z has been reported to contribute to transcription of several loci and to heat shock dependent gene activation ([@B19],[@B89]). H2A.Z is preferentially enriched at nucleosomes covering the promoters of inactive genes and becomes depleted when those genes are activated ([@B19],[@B90]). This observation might be explained by eviction of H2A.Z containing nucleosomes from active genes followed by the rapid re-establishment of H2A nucleosomes by INO80. These are subsequently converted to H2A.Z-containing nucleosomes by SWR-C. INO80 and H2A.Z also have distinct roles for genome stability which is regulated by H2A.Z acetylation. H2A.Z-K3,8,10,14Q, a variant lacking acetylation sites, is a potent suppressor of the genomic instability phenotypes of strains lacking INO80 function. However, it does not change the gene expression pattern ([@B36]). Gene expression in *htz1*Δ mutants is similar to the wild-type in unstressed cells ([@B19],[@B90]--[@B92]) and under osmostress (shown here). Furthermore, we could not detect a function of H2A.Z for the local chromatin structure dynamics of the stress-inducible *CTT1* gene. Effects of the histone variant H2A.Z on promoter nucleosome dynamics are either minor or stress overridden by eviction at highly induced genes.

We addressed the interdependence of transcription initiation and INO80 activity. To test the contribution of active transcription on +1 nucleosome level changes in a dynamic system we reduced the assembly of the transcription initiation machinery by conditionally removing the TATA-binding protein Tbp1 from the nucleus. This approach reduced the stress induced association of RNA Pol II to about 3% of the wild-type. Diminished PIC assembly prevented eviction of the +1 and +2 nucleosome within the *CTT1* coding region, which is consistent with previous observations ([@B5],[@B73],[@B93]). The *CTT1* -1 nucleosome was efficiently evicted in the absence of Tbp1. This is likely caused by chromatin remodelers connected to the activity of the transcription factors Msn2/4 which are major activators of *CTT1* and bind upstream of the −1 at position −325. Osmotic stress leads to recruitment of these factors and of Hog1 to the *CTT1* promoter ([@B77]). The −1 nucleosome of the *CTT1* promoter was not efficiently reintroduced in the Tbp1 anchored condition suggesting requirement of events coupled to transcription. In the *arp8*Δ mutant we find lasting eviction of the −1 and the +1 nucleosome in the Tbp1 anchored condition. Assuming a very low initiation rate in the Tbp1 anchored condition we conclude that re-installation of the evicted +1 nucleosome is dependent on INO80.

INO80 recognizes and remodels nucleosomes adjacent to non-chromatinized DNA ([@B29]) and is commonly associated with promoter regions close to the position of the +1 nucleosome ([@B31]). Our data provide an *in vivo* example for the dynamic aspect of INO80 activity. The function of INO80 for maintenance during steady state is supported by our analysis of a number of selected genes for which we show that association of INO80 increases proportionally to RNA Pol II and promoter activity and is therefore possibly coupled to initiation dependent eviction events. Recruitment of INO80 might also be coupled to the depletion of promoter nucleosomes. The repressive role of INO80 for transcription is suggested to be due to insertion of promoter proximal nucleosomes.
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